synthesis. These effects induce acidification and lower yields, partly compensated by faster growth. 2) Protozoal action, determined by the presence of sequestration spaces provided mainly by roughage diets. The presence of protozoa depresses microbial N yield but allows more complete fibre digestion.
3) Compartmentation and differential passage. With roughage diets, optimal microbial N yield seems to require well developed microbial compartmentation, involving a large proportion of microbes in a large-particle pool with a slow turnover, balanced by a small proportion in liquid, small-particle pools with a fast turnover. Such a situation is associated with long roughage feeding.
It is hypothesized that microbial N yields in the rumen may vary between two extremes which are associated with the feeding of long roughage on the one hand or with concentrate (starch) feeding on the other.
Rumen microbial growth : introductory remarks.
With most diets, at least half the protein reaching the ruminant duodenum is microbial protein, produced during the digestion of feed in the rumen. This amount can be related to the amount of organic matter fermented in the rumen (OIVI fI , determined as the net disappearence of OM between the rumen and duodenum and involving some assumptions (Egan, 1974) . Both, N incorporated into microbial crude protein and leaving the rumen (N i ), and OM f can be estimated in vivo using cannulated animals and markers for the determination of digesta flow and microbial N. Apart from differences in cell composition (Armstrong, 1980) (E) or microbial N yield as a measure of microbial growth yield is thus best expressed as E = gN i /kgOM f (Demeyer and Van Nevel, 1976) and not as E = gN i /kg (OM f + OM m ), a correction still used by some authors (Crawford et al., 1980 ; Zinn et al., 19811. ) .
Also, the error involved in the determination of N i is introduced into both the numerator and denominator in the latter expression of E. It can be shown that Demeyer, 1977) (Cummins et al., 1983) around a mean of about 30, a figure introduced in systems for ruminant feed protein evaluation (Jarrige et al., 1978 ; Roy et al., 1977) . Although experimental error is an important factor in variability (Faichney, 1975 ; Sutton, 1979 ; Ling and Buttery, 1978) , recent data have permitted the conclusion that, provided rumen degradable protein is not a limiting factor of microbial growth, diets largely based on concentrates and on silage give lower E values than mixed diets (Tamminga, 1983) or forage diets Van Soest, 1982) . Contradictory results however have also been published (Cummins et al., 1983) in relation to level (Tamminga, 1978 ; Zinn and Owens, 1983) and frequency (Hungate et al., 1971 ; Brandt et al., 1981) of feeding and protein supplementation (Redman et al., 1980 ; McAllan and Smith, 1984) . Even breed may affect E values (Kennedy, 1982) . (Cummins. et al., 1983) and tropical forage (Kennedy, 1982) , respectively. It should be realized that in order to interpret differences, rumen microbial N yield, E, must be rationalized in models of increasing complexity. The continuous culture model of bacterial growth in one compartment has been used extensively (Harrison and McAllan, 1980) , although it does not account for two important characteristics of the rumen emphasized in more recent work :
1) The presence of protozoa as predators in the rumen : The presence of protozoa in the rumen is responsible for bacterial turnover amounting to 20-50 % of bacterial N (Tamminga, 1980 Costerton, 1979) . It is clear that on the average, microbes leave the rumen at fractional rates (k m ) which are less than liquid phase fractional outflow or dilution rate (k l ) (fractional rate = actual outflow in g or ml/h divided by rumen total pool size in g or ml), as shown by Hungate et a/. (1971) and concluded by Mathers and Miller (1981) (Hespell and Bryant, 1979) or the degree of coupling between energy yield and biosynthesis (Thauer and Kr6ger, 1983) (Wolin and Miller, 1983) . In mixed rumen microbes, 2H may be disposed of in propionate production at the expense of methanogenesis (Demeyer and Van Nevel, 1975) (Erfle et al., 1984 ; Thauer et al., 1977) . The (Demeyer and Van Nevel, 1975a Isaacson et al., 1975 ; Hoover et al., 1982) . This indicates a constant ATP yield although large differences in the relative proportions of methane and propionate are observed.
From the mean intercepts with the ordinate in figure 2 (Hespell and Bryant, 1979) . Results suggest that short-term inhibition of methanogenesis with a shift to propionate production lowers ATP yield. A mixed flora seems to be able to adapt to a high propionate fermentation however, without loss of energetic efficiency : lowered energy yield through acetokinase and methanogenesis is effectively replaced by energy yield from propionate production. The intercellular succinate transport involved in the two-organism system of rumen propionate production (Wolin, 1979) , as well as methylmalonyl-coA decarboxylation, may be adapted systems for extra energy generation (Erfle et al., 19841 Scott et al., 1983) .
Recently, Czerkawski and Clapperton (1984) reported that rumen contents may consume 100 ml 0 2 /day/I. Similar quantities were consumed in short-term batch incubations : reduced endproduct formation was inhibited according to stoichiometry, but substrate disappearance and total microbial N yield was not affected (Demeyer, 1973 ; (Demeyer and Van Nevel, 1975) . Fermentation rate, irrespective of fermentation pattern, reflects growth rate and its increase augments E ( fig. 2) (Demeyer and Van Nevel, 1975a) , unless the need to dispose rapidly of ATP increases lactate production, decreasing SLP and, thus, E (Van Nevel and Demeyer, 1977) . Concomittant increases in polysaccharide synthesis and decreases in pH may also lower E. Microbial growth is very sensitive to changes in pH (Hoover et al., 1984) , possibly because of interference with the generation of proton motive force, a low pH reducing ETP (Erfle et al., 1984 . Carbohydrate availability does not affect proteolysis but lowers ammonia production . In line with theoretical considerations (Tamminga, 1979) . It is evident that the inclusion of apparently digested protein in OM! is a source of variation in E. Therefore, and to overcome problems related to the inclusion of endogenous OM in digesta flow, Tamminga (1978) proposed to relate N i to the total of crude fibre and N-free extractives apparently digested in the rumen. As Hespell and Bryant (1979) suggest that rumen fermentation may be uncoupled due to impaired amino acid transport into bacteria. All amino acid carbon skeletons can be synthesized in the rumen, and ammonia-N is incorporated by rumen bacteria through the combined action of glutamine synthetase and glutamate synthase at low ammonia concentrations (Hespell, 1983) (Hespell and Bryant, 1979) , but it may decrease transport energy expenditure as an inverse function of amino acid polymer length (Hespell and Bryant, 1979 ; Demeyer and Van Nevel, 1980) . These ideas are supported by the finding that free amino acids or protein stimulate E in vitro (Maeng et al., 1976 ; Cotta and Russell, 1982) . The initial observation of Hume (1970) that protein stimulates E in animals fed a synthetic diet has been confirmed (Cottrill et al., 1982 ; Elliott and Armstrong, 1982 ; Smith, 1983, 1984) as well as contradicted (Brandt et al., 1981 ; Kropp et al., 1977 Kropp et al., , 1977a Amos and Evans, 1976 ; Redman et al., 1980 ; Moeller and Hvelplund, 1982) in animals receiving natural diets. The absence of an effect in the animat may be related to long rumen retention of microbes with long roughage diets ensuring sufficient recycling of microbial protein to provide the necessary supply of amino acids and peptides (Kropp et al., 1977) . Also, sufficient protein should be added to prevent complete degradation of amino acids in the rumen, thus allowing their incorporation (Ben-Ghedalia et al., 1978) .
The presence of protozoa
The role of protozoa in the rumen is still debated (Hobson and Wallace, 1982) and their metabolic importance considered obscure (Van Soest, 1982) . It is obvious however that their presence is associated with considerable turnover of microbial N because of the turnover of the population of holotrichous protozoa, itself, associated with molasses feeding (Leng, 1982 ; Leng and Nolan, 1982) , or the turnover of bacteria ingested by populations largely composed of entodiniomorphid protozoa (Coleman and Sanford, 1979) . Such predation is probably not accounted for by Pirt-like maintenance equations (Hobson and Wallace, 1982) as it necessitates the adaptation of mathematical models for continuous culture (Smouse, 1981) . The detrimental role of protozoa in rumen microbial N yield was speculated upon in earlier work (review in Demeyer, 1981) and demonstrated by the determination of simultaneous total synthesis and degradation of microbial matter in vitro (Van Nevel and Demeyer, 1977) using faunated and defaunated mixed rumen microorganisms . The absence of protozoa lowered degradation and slightly increased total synthesis, resulting in a considerable increase of net synthesis (e.g. total synthesis-degradation). The efficiency of net microbial N incorporation (E) was increased by defaunation, not only because of elimination of turnover due to protozoal lysis and predation, but also because of a shift to a faster-growing amylolytic flora (Kurihara et al., 1978) , as indicated by the increased efficiency of total synthesis. These results obtained in vitro have recently been confirmed in a number of animal experiments and it is clear that variability in microbial N yields may be determined to a large extent by variability in the number and activity of rumen protozoa, quite apart from energy yield in fermentation (Demeyer and Vervaeke, 1984) . Dietary factors affecting the protozoal population have been reviewed by Demeyer (1981) and mainly relate to the physical form of feed particles, the proportion of starches and sugars and the level of feeding. (Jouany, 1978) . Grinding the roughage impairs sequestration, lowers protozoal count and also promotes retention by reducing salivation and k i . The large protozoal populations associated with silage diets (Chamberlain and Thomas, 1980) (Ling et al., 1983 ; Whitelaw et al., 1984) . Higher feeding levels and/or grinding concentrate diets lowers protozoal count through acidification and increased tonicity associated with intensive fermentation, reduced salivation and lower k, values, although other factors may be involved (Lyle et al., 1981) . Many animals on highconcentrate feeds are defaunated (Johnson, 1976) and high concentrate feeding is in fact an efficient defaunation procedure (Whitelaw et al., 1984a (Coleman, 1979) .
A special case is the inclusion of fat in the diet which has been observed to increase E in sheep (Demeyer, 1981) and possibly in cattle , probably as a result of the defaunating effect of the fat, as recently confirmed by Czerkawski and Clapperton (1984) . Increased microbial N yields in the rumen result in better animal performance under some conditions (Bird et al., 1979 ; Demeyer et al., 1982) , but animal response depends on the multiple interrelated effects of defaunation such as : -inhibition of rumen fibre degradation (Demeyer, 1981) ; -increase in fractional particle passage rate (Kayouli et al., 1983/84 ) ; ; -inhibition of rumen protein degradation (Owens and Goetsch, 1984) . Their retention with associated lysis and recycling within C may be necessary for maximal fibre degradation as suggested for bacteroides (Cheng et al., 1983/84) . It is clear that k m = C!k! + C B k B , where C A and C B represent the proportion of total microbes in A and B, respectively (Oldham, 1984) .
A more general equation states km = E C i k i , where C and k are the proportion of microbes and the fractional outflow rate, respectively, of i compartments. This complexity is further increased by changes in C and k with time after feeding because of decreasing particle size with progressive digestion and changes in saliva flow. Compartment B may serve as a transport or shuttle compartment between A and C (Czerkawski, 1984 (Kennedy et al., 1976 ; Kennedy and Milligan, 1978 ; Harrison et al, 1975) (fig. 2) (Faichney and Griffiths, 1978 Zinn and Owens (1983) . With mixed diets, an opposite effect was reported (Tamminga, 1978) . In general, it would seem that increased duodenal flow is associated with higher yields of microbial N (Teller and Godeau, 1984 ; Zinn and Owens, 1983a) .
Conclusion.
It is hypothesized (Demeyer and Vervaeke, 1984) 
